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Cascaded Cavities Boost the Indistinguishability of Imperfect Quantum Emitters
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Recently, Grange et al. [Phys. Rev. Lett. 114, 193601 (2015)] showed the possibility of single-photon
generation with a high indistinguishability from a quantum emitter despite strong pure dephasing, by
“funneling” emission into a photonic cavity. Here, we show that a cascaded two-cavity system can further
improve the photon characteristics and greatly reduce the Q factor requirement to levels achievable with
present-day technology. Our approach leverages recent advances in nanocavities with an ultrasmall mode
volume and does not require ultrafast excitation of the emitter. These results were obtained by numerical
and closed-form analytical models with strong emitter dephasing, representing room-temperature quantum

emitters.
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Sources of indistinguishable single photons play an
essential role in quantum information science [1], including
linear-optics quantum computing [2—4], precision measure-
ments [5], quantum simulation [6], boson sampling [7,8],
and all-optical quantum repeaters [9,10]. Single-photon
sources based on atomlike quantum emitters have seen
remarkable progress [11-15], including, in particular, color
centers in diamond, many of which have been shown to
possess long spin coherence times. However, a remaining
challenge is to improve their emission properties to achieve
near-unity indistinguishability and high collection effi-
ciency [14,15].

Here, we show that the emission can be tailored by
coupling an emitter to a cascaded two-cavity system, which
provides enough control to minimize the detrimental effects
of pure dephasing and spectral diffusion. Our analysis
shows that the cascaded cavity improves on the photon
emission efficiency (r) and indistinguishability (/) com-
pared to previously considered single-cavity approaches.
For the especially difficult problem of room-temperature
operation with silicon vacancy centers in diamond, the
cascaded-cavity system enables the same efficiency, but a
much higher indistinguishability (~0.95) than, the single-
cavity case (~0.80), with x20 lower cavity quality factor
(Q factor). When the cavities are tuned for a maximum 7/
product, more than 2 orders of magnitude improvement
compared to the bare emitter and an ~17% improvement
over the best single-cavity system are possible.

As shown in Fig. 1(a), the linewidth of an emitter is given
by I' =y +y* + Ad > y at room temperature, where y is
the radiative decay rate, y* the pure dephasing rate, and Ad
the FWHM width of the spectral diffusion. Pure dephasing
can be modeled as a Markovian phase flip process that
occurs much faster than the excited-state lifetime. On the
other hand, A¢d captures the spectral wandering between
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photoemission events (for example, due to changing stray
electric fields near the emitter) that changes much slower
than the excited-state lifetime; thus, spectral diffusion
can be treated by a statistical average over the ensemble.
The indistinguishability, which is approximately given by

(a) (©
Homogeneousj\i
broadening
A
Y / jA{ K1
\ © -

Inhomogeneous AS
broadening

(b) (d) / Mode overlap

FIG. 1. (a) The emission spectrum with width I" can be
considered as a convolution of different broadenings: natural
broadening (Lorentzian linewidth y), pure dephasing (Lorentzian
linewidth y*), and spectral diffusion (Gaussian linewidth ASd).
(b) Cavity-QED system, where g is the coupling rate, k is the
cavity decay rate, and y is the spontaneous emission rate of the
emitter to noncavity modes. (c) Cascaded-cavity system as a
room-temperature single-photon source. An emitter is coupled to
the first cavity (C;) with coupling strength g,. C; is coupled to the
second cavity (C,) with coupling strength g,. k; and k, are the
cavity radiation losses to free space. (d) Photonic crystal
realization of the proposed cascaded-cavity-emitter system.
The first cavity produces a high emitter-cavity coupling (g;)
due to the field concentration in concentric dielectric tips; see
[16,17]. A mode overlap of cavities corresponds to a cavity-
cavity coupling rate of g,.
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I ~y/T [18], is vanishingly small at room temperature
(~10~* for silicon vacancy centers in nanodiamond [19]).

Nanophotonic structures have been investigated to
improve I by modifying the local density of electromag-
netic states (LDOS) [20]. This approach can be analyzed in
its simplest form in the cavity quantum electrodynamics
(cavity-QED) picture in Fig. 1(b), where g o< 1//V is the
emitter-cavity coupling rate, V. the cavity mode volume,
k « 1/Q the cavity decay rate, and Q the quality factor. For
simplicity, we first ignore spectral diffusion, i.e.,
I' =y 4 y*. In the incoherent regime, where I' + « > 2g,
the system dynamics reduces to a set of rate equations, in
which the emitter and the cavity field pump each other at
the rate R = 4¢%/(T +«) [21].

There are two main approaches to increase /. One
strategy is to maximize the LDOS with a plasmonic cavity,
so that R = 4¢%/(T + k) > y* [34,35]. Peyskens, Chang,
and Englund [34] showed that, for a 20 nm silver nano-
sphere (Q ~ 15) coupled to a waveguide, the indistinguish-
ability of single photons emitted from SiV can be increased
to I ~0.27 while reaching a single-photon outcoupling
efficiency of 7 ~0.053. On the other hand, Wein et al
could theoretically achieve I ~ 0.37 and 1 ~ 0.77 with the
plasmonic Fabry-Perot hybrid cavity (Q ~ 986) recently
proposed in Ref. [36]. However, this approach also faces
several important obstacles: (i) the assumption of instanta-
neous pumping on the femtosecond scale, which is
demanding due to ionization (resonant) and slow phonon
relaxation (nonresonant) [37], and (ii) Ohmic and quench-
ing losses in the metal.

A second approach investigated by Grange et al. [38]
relies on coupling the emitter to a dielectric cavity with
ultrahigh Q, which avoids the problems of high losses in
metals. When the cavity decay rate x is much smaller than y
and R, near-unity indistinguishability becomes possible.
Notably, this system outperforms the spectral filtering of an
emitted photon, due to a “funneling” of emission into the
narrow-band cavity spectrum. However, reaching an
indistinguishability of 0.9 (0.5) for an emitter with y ~
27 x 100 MHz radiative linewidth at @ ~ 2z x 400 THz
requires a cavity with very high Q ~ 4 x 107(); this Q far
exceeds the highest quality factor nanocavity coupled to a
quantum emitter, which has Q ~ 55000 [39]. The under-
lying problem is that high indistinguishability is not
possible with the limited Q and V. that are currently
available.

The cascaded two-cavity system considered in this
paper, illustrated in Fig. 1(c), greatly reduces the Q factor
requirements while obtaining higher overall single-photon
source performance. The emitter is assumed to be dipole
coupled with the first cavity (Cy). This cavity can have a
relatively low Q factor < 10°, as long as it has a small V
to efficiently collect the emitter fluorescence. However, the
indistinguishability / of the emission from cavity C; would
be low. A high I can then be achieved by coupling to a

second cavity (C,), which provides additional degrees of
freedom to optimize the single-photon emission from the
system.

To investigate the dynamics quantitatively, we assume a
strong pure dephasing, y* = 10*, normalized to y = 1. In
the regime where the total dephasing (I') exceeds the
emitter-C, coupling rate g;, the population transfer rate
between the emitter and C; becomes [21]
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where 6 is the detuning, assumed to be O for now. A large
transfer rate R; >y (implying g¢; > 1) is required for
efficient emission into the cavity. To this end, we make
use of a new cavity design using a dielectric concentrator in
a photonic crystal (PhC) nanocavity [Fig. 1(d)] [16,17].
This nanocavity enables an arbitrarily small mode volume
[16]; indeed, recently Vi = 1073(1/ng;)? was experimen-
tally demonstrated in a silicon PhC [40] with a quality
factor of ~10°. Here, we consider g; = 500 and x; = 50,
corresponding t0 Vg = 0.007(1/Rgiamona)” and Q ~ 50000
for the case of silicon vacancy centers in the diamond
[21,41,42]. In addition, the emitter is assumed to be located
at the narrow bridge section of this cavity design, where the
phonon environment is similar with the nanodiamond [19].

The second cavity (C,) is coupled to C; at arate g,. This
coupling can be adjusted through the spacing between the
two PhC cavities, as shown in Fig. 1(d). We derived the
population transfer rate between cavities C; and C, from
the optical Bloch equations, by applying adiabatic elimi-
nation of the coherence between the cavities in the limit of
Ri + k1 + Kk, > 2¢g, (see the derivation in Supplemental
Material [21]). The population transfer rate between C; and
C, then becomes
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where «, is the decay rate of C,. Note that, if R; — 0, R,
reduces to the Purcell-enhanced emission rate. The R; term
in the denominator effectively acts as additional
decoherence. The reduction of the population transfer rate
due to this additional decoherence was studied previously
in the classical and continuous-wave (cw) limits, including
for nonresonant excitation of a quantum dot [43] and for
light transmission in an optomechanical system [44].
However, this decoherence directly impacts the indistin-
guishability. Thus, we investigate the temporal dynamics of
the system using master equations and nonequilibrium
Green’s functions.

We applied the master equation approach to calculate /
and 7 as a function of g, and x, for our cascaded-cavity-
emitter system. The results in Fig. 2 show two regimes of
interest. In “reg. 17 of R,, k, < k;, we find high I and
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FIG. 2. Performance of the cascaded cavity system with
(g1 = 500, k; = 100) as a function of g, and x,. Efficiency (a)
and indistinguishability (b).

small . “Reg. 2” of R,, k, > k; leads to moderate / and
large 1. Analogous regimes were analyzed for a single-
cavity-QED system [38]. The photon collection efficiency
into C, follows from the Bloch equations [21] for both
regimes, giving

o KRy
= KI(KZ + Rz) + K2R2 ’

(3)

We first focus on reg. 1. When R; > ki, y, the emitter
and C; serves as a “‘composite emitter” with decoherence
rate R ;. This effective emitter decaying with a rate of ~x /2
is coupled to C, with k, < k; atrate R,/2 < k; (coupling is
asymmetric; see Supplemental Material [21] for more
details). We were able to derive an analytical form for
the indistinguishability with the nonequilibrium Green’s
function for the emitter-cavity system:

_ K1/24 (k2]|R)/2
K1/2+K2+3R2/2’

(4)

where k,||R, = k,R,/ (k> + R;). The same result can be
derived from the quantum regression theorem [35]. Note
that this equation has the similar form as the one-cavity
case [38] under the substitution (k;/2,k,R,/2) —
(y,x, R)—i.e., we can consider the C,-emitter system as
a composite emitter inside C,, and C, funnels the
composite emitter as in Ref. [38]. Figure 3(a) plots 7
and [ as a function of x,. Equations (3) and (4) show
excellent agreement with the numerical simulations with
the master equations. Notice that, when R, +x, ~ Ry, [
exceeds the prediction from Eq. (4). Deviations of results
from the prediction are more evident when R, is smaller
[Fig. 3(b)]. This deviation occurs because the contribution
of the coherence between cavities [p,;(#)] to the two-time
correlation function of the cavity field [(b'(¢ + 7)b(1))] is
not negligible [21].

Next, we investigate reg. 2 (R,, k, > k), for which large
n and moderate / are possible. In the C;-emitter system
with R; > «kj, the excitation incoherently hops back and
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FIG. 3. High indistinguishability regime (reg. 1). The emitter

and C; can be treated as an effective emitter coupled to C, with
population transfer rate R,/2. (a) I (blue) and 7 (orange) as a
function of x, for (g,x;,g,) = (1500,50,5). (Solid curves)
Numerical result from master equation. (Dashed curves) Ana-
lytical result from Eqs. (4) (/) and (3) (). (b) I and 5 vs k, for
(91,1, 92) = (500,50, 10). The deviation between the numerical
and analytical results is due to the finite effective dephasing R;.

forth between the emitter and the cavity. Therefore, C,
decoheres quickly at the rate R, resulting in a low /. On the
other hand, x; > R; also results in low I, because the
timing jitter of initial incoherent feeding exceeds the cavity
lifetime. The solution is to choose R; > k; and keep the
population of C; low, preventing the photon from being
reabsorbed by the emitter. C, provides this additional
functionality with two knobs: R, and x,. When R,,
K, > ki, excitation quickly passes through C,, resulting
in a low population of C; (P,.;). At the same time, the
decoherence of the composite emitter (emitter C;) at the
rate R; can be suppressed by a factor of (R, +«)/
(Ry + K1 + Ry[Ky).

Figure 4(a) plots / and 5 of the photon emitted by C, as a
function of k,, assuming (g;,k1, g,) = (500,50, 150). In
the limit of large x, and subsequently small R,, the
dynamics of the emitter and C; are the same without
C,; C, merely samples the photons from C;. Thus, photons
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FIG. 4. Large nl-product regime with (g;,k;,9,) =

(500, 50, 150). (a) I (blue) and 7 (orange) as a function of «,.
The black dashed line is the analytical result from Eq. (3). For a
single-cavity system, / is plotted with yellow dashed (g = 500,
k = 50) and green dashed (g = 500, k = 125) lines. The latter
gives the maximum #/ of single-cavity systems. (b) #/ product as
a function of k, (blue line). Cascaded-cavity architecture shows
higher #/ than that of a single-cavity system with x = 50 (yellow
dashed line) and x = 125 (green dashed line, maximum #I).
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TABLE I. Comparison of the two systems.

Cascaded cavity 1, n (%), Q;, Q> Single cavity I, n (%), Q

Reg. 1 0.950, 0.76, 7000, 500 000* 0.950, 0.25, 50 000 000
0.805, 3.09, 3600, 50 000° 0.800, 0.27, 10 000 O_()Od
Reg. 2 0.315, 98.6, 500 000, 2100° 0.267, 99.5, 3750"

A9, = 500, k; = 360, g, = 30, k = 5.
9= 1.33, k = 0.05.

91 = 500, k; = 700, g, — 87.5, Ky = 50.
9= 133, k = 0.25.

g1 = 500, K| = 5, g = 530, Ky = 1200.
9= 500, x — 667,

<,

- 0o 0

of C, have the same [ as that of C; without C, (i.e., the
single-cavity system). Simulations of the single-cavity
system show that photons emitted by C; have [ ~0.14
(shown as a yellow dashed line). Decreasing k, (increasing
R,) suppresses the population of C|, increasing /. Since C,
suffers from the same incoherent hopping and jitter effects
as C; discussed above, [ is maximized to [ = 0.27 at
k> = 300. Notably,  for a x, = 300 exceeds the maximum
achievable [ for a single-cavity system with g = g; (green
dashed line), corresponding to the same V. Though the
improvement of #/ is less significant because of a reduced
efficiency [Fig. 4(b)], n/ is still higher than what a single-
cavity system allows.

We emphasize that, in both regimes, the timing dynamics
are essential in understanding the improvement of /. The
Purcell enhancement (LDOS) between the emitter and C;
barely changes due to the presence of C,. The increase in /
can be seen as a result of the modified time evolution of the
Green’s function that governs (b’ (7 + 7)b(1)) [21].

Table I compares the n and / values achievable for the
single- and cascaded-cavity architectures, assuming a
silicon vacancy center in diamond at room temperature
with (y,7*, ) ~ 2z (160 MHz, 400 GHz, 400 THz) [19],
as a quantum emitter. To achieve I of ~0.95 in reg. 1, the
single-cavity approach requires a very high Q factor of 50
000 000, which is technologically challenging, especially
considering integration with the emitter. The cascaded-
cavity system requires only O = 7000 for the first cavity
and Q, = 500000 for the second cavity to achieve the same
I. Reaching I ~ 0.8 requires only Q; = 3600 and Q, =
50000 for the cascaded-cavity system, whereas Q =
10000000 is needed for the single-cavity system. Note
that, in both cases, the cascaded-cavity system also
achieves much higher # values than the single-cavity case.
In reg. 2, the highest I is found under the constraint of
Omax = 500000; the cascaded-cavity system then achieves
an improved nl = 0.311 (/ = 0.315) compared to the best
single-cavity system (n/ = 0.266, I = 0.267).

Finally, we statistically incorporate inhomogeneous
broadening (spectral diffusion). Figures 5(a) and 5(b) plot
I and 5 for reg. 1 and reg. 2 for different A§ with fixed
y* = 10*. We used a Gaussian probability distribution to

(a) (b)
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FIG. 5. I (blue line) and # (orange line) in the presence of
spectral diffusion. (a) Reg. 1 (g1,x, 9, k>) = (500,50, 3, 10).
(b) Reg. 2 (g1,k1, g2, k) = (500, 50, 150, 300). In both regimes,
spectral diffusion marginally affects the n and /. Note that the y
axes in the figures are highly magnified to see the small change
across the spectral diffusion.

model 0. The key observation here is that A5 does not
strongly diminish # and I when Ad < y* (note that the
vertical axis is highly magnified to show detail). This
insensitivity to spectral diffusion follows from Eq. (1),
which shows that the transfer rate (R;) is reduced only by
~2(8/y*)? and, subsequently from Eq. (2), that the R,
changed by a small amount. Suppression of the effect of
small spectral diffusion happens only when the emitter is
highly dissipative, i.e., if y 4+ y* > k, and is a unique feature
of the “cavity funneling” process. In other words, pure
dephasing serves as a resource to stabilize the single-
photon source, maintaining potentially high / and » despite
spectral diffusion. This result is in contrast to the
bare-emitter case, where the spectral diffusion directly
affects 1 [18].

We emphasize the difference of our approach with the
“photonic molecule” studied in Refs. [45,46]. In our
cascaded-cavity system, the emitter couples only with
the mode of C;, and the population is transferred between
two cavity modes by weak coupling. In contrast, for the
emitter coupled with a photonic molecule, the emitter is
coupled to two supermodes that result from the strong
coupling between two cavities, i.e., a splitting greater than
the individual cavities’ decay rates. The cascaded-cavity
system is also different than the hybrid-cavity system [36],
where the cavity mode is modified by another cavity. More
specifically, in a hybrid cavity, the latter cavity field acts as
a electromagnetic environment (radiation bath) of the
former cavity rather than as an independent cavity mode.

In conclusion, our analysis of funneling through a
cascaded cavity revealed that it is possible to dramatically
reduce the Q-factor requirements to the range of present-
day feasibility. We derived closed-form analytical solutions
that reproduce our numerical models. By incorporating
pure dephasing and spectral diffusion, our analysis pro-
vides new insights into the modification of spontaneous
emission in the bad-emitter limit of cavity QED. We also
found that the cascaded-cavity approach greatly improves
the quality of single photons emitted from quantum
emitters, promising near-unity indistinguishability even
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at room temperature that would be important in numerous
applications such as photon-mediated entanglement
[47,48]. Applied to low-temperature emitters, we expect
that it should become possible to reduce photon distin-
guishability to reach near-unity fidelity in photon-mediated
entanglement (see Supplemental Material [21]), which is
essential for scalable quantum networks and proposed
modular quantum computing architectures [49,50].
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